In this study, SiCp/Ni-P nano-composite coatings were fabricated on 45 steel substrates under ultrasonic excitation at temperatures from 85 °C to 45 °C. The micro-morphologies and compositions of the coatings were analyzed using Scanning Electron Microscopy (SEM) and Energy Dispersion Spectrum (EDS). The deposition rates of the different processes were then investigated using the polarization curve method, the weighing method, and the film thickness method. The effects of sonication on the coating process were also investigated. The results reveal that free energy decreased to 16.38 kJ/mol, which can be attributed to the positive effect of sonication on the reaction activity. Furthermore, the deposition rates of the composite plating decreased with the process temperature. Specifically, the deposition rates measured by the polarization curve method, weighing method, and film thickness method decreased from 0.625 mg/(cm 2 ·h) to 0.116 mg/(cm 2 ·h), from 3.9 mg/(cm 2 ·h) to 1.6 mg/(cm 2 ·h), and from 36.64 μm/h to 7.05 μm/h, respectively.
INTRODUCTION
 Nanoscale electroless composite coatings containing nanoparticles such as SiC [1] , A12O3 [2] , and carbon nanotubes [3] exhibit superior hardness and durability compared with conventional coatings. For this reason, they have been widely applied in the nuclear, aerospace, and transportation industries [4] . However, conventional electroless composite plating has limited applications because of the high coating temperatures and low deposition rates involved in the process. To mitigate these issues, techniques such as sonication have been incorporated into electroless composite coating [5 -10] , and several studies have reported using sonication-assisted methods to fabricate composite coatings that have excellent performances [5, 6, 11 -13] . Previous studies introduced sonication from the bottom, such that the level of energy reaching the deposition interface was relatively low [14] . In contrast, this study focused on immersion-type sonication-assisted nanoscale electroless composition plating on 45 steel substrates. The SiC/Ni-P nano-composite coatings were prepared using different techniques and under different temperatures. The morphology and chemical composition of the coatings, as well as the deposition rates, were then investigated to understand the effects of sonication on the plating process.
EXPERIMENTAL

Sample preparation
First, 45 steel substrates (25 mm × 10 mm) were polished and treated chemically through immersion in 5 mL/L basic HCl solution in order to activate the surface. Then, 100 mL of plating solution (formula shown in Table 1 ) was prepared. After the samples were immersed in a 1:1 HCl solution and rinsed thoroughly using deionized water, SiC (diameter 20 nm) was added into the plating solution. Immediately afterwards, the mixed plating solutions were sonicated for 5 min and pre-heated to the plating temperature. Different steel substrate samples were immersed when the temperature reached 85 °C, 75 °C, 65 °C, 55 °C, and 45 °C. At the same time, sonication was introduced, and deposition gradually occurred. The power, frequency, and working period of sonication were 1500 W, 90 kHz, and 1 h, respectively. After deposition, the samples were all rinsed with deionized water. Compared with the bottom-introduction method, the method that uses ultrasonic waves has the advantage of higher transmission efficiency. It is also easy to control, because the immersed ultrasonic horn that initiates the waves can be placed very close to the deposition interface.
Characterization
The coatings were characterized using SEM (JSM-6360LV) and EDS (GENESIS2000XMS60) in order to investigate their morphologies and chemical compositions.
Five sites were randomly selected on each sample and measured using a roughness tester (TR201). The average value for the five sites was taken to indicate the overall roughness of the coating on the sample. The electrochemical processes during all phases of the composition plating process were monitored using an electrochemical workstation (PARSTAT 2273). The electrode system consisted of a five-inlet vertical electrolytic cell (MZ-1), a Pt electrode, a saturation calomel electrode (218), and a sample holder (Pt-1). The scanning area was 1 cm 2 , the scanning rate was 0.4 mV/s, and the scanning range was -1.2 V to 0.2 V. The deposition rate was defined as the mass increment on unit area in unit time, as follows:
where ∆M is the mass increment (g), ∆t is the deposition time (h), and S is the surface area of the sample (m 2 ).
MORPHOLOGY AND CHEMICAL COMPOSITION OF COMPOSITE COATINGS
Morphology of SiC/Ni-P nano-composite coating
Fig. 1 shows SEM images of the different SiC/Ni-P nano-composite coating samples. The images demonstrate that luster of the sample surfaces degraded as the temperature of the water bath furnace decreased. The surface of the coating in Fig. 1 a is consists of a large number of island structures, with large gaps in between. This resulted in high surface roughness, unevenness, and low uniformity and coverage. The coating depicted in Fig. 1 b has a relatively smooth surface, although several unit cells of 0.70 μm can be identified. This structure can be attributed to the relatively high nucleation rate in the deposition process at 85 °C. Fig. 1 c shows unit cells with increased size, while the surface roughness remains low. The main reason for this outcome is that the nucleation rate is low and the deposition product is coarse at lower temperatures. In this case, the sonication-induced cavitation effect and jet flow reported by Luo et al [5] maintained deposition efficiency, while the nucleation rate degraded as the deposition temperature decreased to 75 °C, resulting in increased unit cell size. As the temperature decreased to 65 °C, 55 °C, and 45 °C, no coatings were observed in the absence of sonication. Instead, nucleation was observed in the presence of sonication, but the coating mass decreased with the temperature. As shown in Fig. 1 d, e, and f, the inter-cell distance was relatively large, the coating layer was not uniform, and the coating mass decreased significantly. This analysis indicates that the induced sonication exerted an impact on the deposition and morphology of the composite coatings.
Chemical composition and phases of SiC/Ni-P nano-composite coating
Fig . 2 shows the EDS spectra of different SiC/Ni-P nano-composite coating samples. Ni, P, Si, and C were observed on the surfaces of all samples, indicating that a composite coating layer consistently developed. Furthermore, Fe (see Fig. 2 c) arose from the steel substrate, indicating that the composite coating layer was thin. The Fe peaks (6.4 keV) in the EDS spectra in Fig. 2 b, c seem to have higher intensity than that in Fig. 2 a. Low-temperature samples had less coating, which naively led to higher Fe exposure and intensity. Consistent with the SEM images, the EDS spectra indicate that nano-composite coating layers developed during sonication-assisted plating, even at relatively low temperatures.
This result demonstrates the positive effects of sonication on the composite coating deposition process. Fig. 3 provides the XRD spectra of the composite coating samples fabricated at different temperatures. Although the 2 theta angle of Ni (111) at about 45 degrees manifests a weak diffraction peak in Fig. 3 , the XRD results indicate that the coatings are obviously amorphous. Fig. 4 shows the average surface roughness of different SiC/Ni-P nano-composite coating samples. The surface roughness was observed to increase as the deposition temperature decreased. The surface luster macroscopically diminished, SiC nanoparticles microscopically aggregated, and surface porosity increased. These results are consistent with the SEM images discussed above.
Coating layer roughness
DEPOSITION RATE OF COMPOSITE COATINGS
Polarization curve method
Zhang et al. [15] obtained the steady state potential and deposition current density of the coating deposition through fitting of the steady state voltage curve (φ-lgi) of the cathodic polarization curve. Specifically, the Y-axis coordinate of the intersection point is the steady state potential, while lg(the X-axis coordinate of the intersection point) is the current density required. Based on this foundation, analysis was conducted of the cathodic polarization curves corresponding to composition deposition for different samples. The cathodic polarization curve was represented by semilog (φ-lgi) of Ni 2+ in the base solution, as shown in Fig. 5 . A tangential line in the steady area was fitted to obtain steady state potentials and deposition current densities for all samples.
The deposition rates can be calculated by the following equation:
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where i is the deposition current density (mA/cm 2 ) and 1.09 is the electrochemical equivalent of Ni. Table 2 summarizes the deposition rates of Ni   2+ particles in different samples. The data in Table 2 show that the deposition rates of the samples at 85 °C and 75 °C were significantly higher than those of the samples at 65 °C, 55 °C, and 45 °C, indicating that the deposition rates of Ni 2+ decreased with temperature. The non-sonication-assisted depositions were slower, and they approached zero when the temperature was below 65 ºC. Sonication had a positive effect on the deposition process, as it produced deposition even at low temperatures. To investigate the effects of sonication, lgi(deposition current density) was plotted against 1/T for all samples. Yao et al. [16] calculated the apparent Gibbs free energy of deposition reactions (ΔG) using the following equation:
where R = 8.31 J/(mol·K) is a constant. Fig. 6 shows Arrhenius plots of the different samples. The data indicate that ΔG of the SiC/Ni-P nanocomposite electrode at 75 ºC through 45 ºC was 16.38 kJ/mol, while ΔG of the Ni-P electrode in the absence of sonication was 42.89 kJ/mol [17] . This demonstrates that the catalytic effects of sonication degraded as the temperature decreased. However, sonication still produced deposition at low temperatures by enhancing the catalytic activity of Ni-P polarization and hydrogen evolution. Fig. 7 summarizes the deposition rates and polarization curves of the different samples. These data were obtained using the weighing method and the layer thickness method. The data indicate that the deposition rates decreased significantly with the temperature, regardless of the calculation method used. Most notably, the deposition rate obtained using the weighing method decreased from 3.9 mg/(cm 2 ·h) to 1.6 mg/(cm 2 ·h). The deposition rate of Sample 5 was negligible, indicating extremely low deposition efficiency at low temperatures. The deposition rate trend identified using the polarization curve method is slightly different from those obtained using the weighing and layer thickness methods. This can be attributed to the fact that the polarization curve method defines the deposition rate in regard to Ni alone, while the weighing method and the layer thickness method use the overall deposition rate of SiC nanoparticles, Ni, and P. As shown in Fig. 6 , the deposition rate of Ni decreased significantly between 85 °C and 65 °C, and it remained constant below 65 °C. According to the co-deposition theory of nanoscale electroless composition plating, deposition of Ni (Ni 2+ +2e→Ni) dominates the deposition of composition coating layers, while co-deposition of SiC nanoparticles results in spherical cell-shaped coating layers.
Weighing and layer thickness methods
CONCLUSIONS
In the presence of sonication (power 1500 W, frequency 20 kHz), spherical cell-shaped SiC/Ni-P nano-composite coating layers were developed on 45 steel substrates at temperatures between 85 °C and 45 °C. However, the deposition rates and layer integrity degraded as the temperature decreased. Furthermore, sonication reduced the apparent Gibbs free energy of the deposition reactions while improving the catalytic activity of polarization and hydrogen evolution. In this way, sonication reduced the temperature required for Ni-P nano-composite electroless plating and facilitated the deposition of Ni on the cathode, thus promoting co-deposition of the nano-composite coating layer.
